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Abstract. The isospin symmetry-breaking (ISB) decay f1(1285)→ π+π−π0 has been studied at the VES
facility. The branching ratio is measured: BR(f1→π
+π−π0)
BR(f1→ηπ+π−) = 0.86± 0.16
+0.70
−0.20%. An upper limit for the f1
decay into ρ(770)π is obtained: BR(f1(1285)→ ρ+−π−+) < 0.31% at 95% CL.
1 Introduction
In this paper we study the isospin symmetry-breaking
(ISB) decay f1(1285) → 3π. There is a number of ISB
decays observed so far. They are driven mainly by the dif-
ference of light quark masses Δm = md −mu [1–3]. The
ω → ππ and η → 3π are among the most known, with un-
derlying ΔI = 1 transitions ω ↔ ρ and η ↔ π determined
by a universal scale [4].
The decay f1(1285)→ 3π can proceed through several
diﬀerent mechanisms. One of them, f1(1285) ↔ a1(1260)
mixing, is possible assuming that the universality [4] can
be extended to the axial meson sector. Another mecha-
nism is the direct decay f1 → 3π, however such “contact”
contributions are expected to be small.
An alternative mechanism, taking into account the
dominance of the decay channel f1 → a0(980)π, was sug-
gested in [5,6]. It is based on the predicted [7] a0(980)↔
f0(980) mixing through their couplings to kaons. Qualita-
tively, the cancellation of loops with virtual KK¯ pairs is
not perfect because of the diﬀerence of masses of charged
and neutral kaons. The overall ISB amplitude is signiﬁ-
cant in the narrow mass region between the corresponding
KK thresholds due to the proximity of the masses of both
resonances. Following [5,6], it is expected that the decay
f1 → π+π−π0 (or 3π0) is also enhanced in a narrow region
of the mππ close to 2mK .
Some theoretical aspects of the a0 ↔ f0 mixing are
discussed in [8]. Along with the experimental approaches
referenced there (see also [9]), the study of f1 → 3π decay
can give valuable information about this phenomenon.
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2 Search for the decay f1(1285) → π+π−π0
The diﬀractive reaction π−N → π−f1(1285)N represent-
ing a rich source of the f1-mesons at relatively low back-
ground was used for the search. It has been studied at VES
in details in the dominant decay mode f1 → ηπ+π− [10–
12], and it serves as a reference for the analyses tuning
and normalization.
This study is based on the data collected in several ex-
positions at beam momenta of 27, 37 and 41GeV/c on a
Be target. The VES detector [13] is a wide-aperture mag-
netic spectrometer equipped with a lead-glass electromag-
netic calorimeter and Cherenkov detectors for identiﬁca-
tion of beam and charged secondary particles.
The π0-mesons in the reaction for the search for f1 →
3π signal (called here “signal reaction”),
π−N → Nπ+π−π−π0, (1)
and the η in the reaction with main decay mode f1 → ηππ
(“reference reaction”)
π−N → Nπ+π−π−η, (2)
were detected in the γγ mode.
The event-selection criteria for the reference reac-
tion are described in [10,11]. Similar procedure was
used for the (π+π−π−π0) system. Here the invariant
mass of two photons was requested to be in the range
(0.105, 0.165)GeV/c2. The fraction of background in γγ
mass spectra was estimated as 24% and 36% for reac-
tions (1) and (2), respectively. A kinematical 1C-ﬁt of the
photons energy to the neutral meson mass has been per-
formed for both reactions.
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Fig. 1. Invariant masses for (π+π−π−π0) system: a) m4π, b) mπ+π−π0 , c) mπ+π−π− , d) mπ+π− , e) mπ+π0 , f) mπ−π0 .
Figure 1 shows various invariant-mass spectra for the
selected π+π−π−π0 sample of the reaction under study.
The b1(1235) signal (see below) is seen in the 4π mass dis-
tribution (ﬁg. 1a). Prominent peaks from the ω(782) and
the η are observed in the (π+π−π0) subsystem (ﬁg. 1b),
the former being associated mainly with the b1(1235) pro-
duction. An accumulation of events is seen also in the
mass region of the f1(1285) and a02(1320) mesons. The
three ππ subsystems are dominated by broad ρ-meson
peaks (ﬁg. 1d–1f); in addition, in the π+π− mass spec-
trum (ﬁg. 1d) narrow peaks of K0s and ω-mesons are seen.
The f1(1285)π− ﬁnal state is produced diﬀrac-
tively [10–12], at low momentum transfer squared t′ =
|t| − |tmax|. Other processes with π−π+π−π0 in the ﬁnal
state, which are the background to the one under study,
proceed via odd G-parity exchange and in general have
wider distributions on t′. The ratio of the t′-distributions
for the reaction (2) to that for (1) (ﬁg. 2) clearly demon-
strates the forward diﬀractive peak. To increase the signal-
to-background ratio, the events at low momentum transfer
squared, t′ < 0.04, were selected. In addition, the non-
coherent events with target nucleus fragmentation were
rejected on the basis of signal in the target guard system1.
1 This system is a double-layered set of counters, scintillator
plates in the inner layer and lead-scintillator “sandwiches” in
the outer one, surrounding the target. It is sensitive to both
charged particles and photons coming from the target. It covers
mainly the backward hemisphere of the beam-target scattering,













Fig. 2. Ratio of t′-distribution for π−N → Nπ+π−π−η to
that for π−N → Nπ+π−π−π0.
However, the suppression of the ωπ− and ηπ− systems
is insuﬃcient with the t′ cut, because b−1 (1235) (→ ωπ−)
and a−2 (1320) (→ ηπ−) are abundantly produced at low
t′. To further improve the event selection, an additional
cut was applied to the events of “signal reaction”: both
π+π−π0 combinations were requested to have mπ+π−π0 >
mω + 1.5 σω ≈ 0.810GeV/c2. Here mω is the table mass
of the ω(782) and σω ≈ 18MeV/c2 is the experimental
width of its peak.
The f1 → ηπ+π− → γγπ+π− signal in the reference
reaction (2) at low t′ is shown in ﬁg. 3. The ﬁt with the
Breit-Wigner function and polynomial background gives
Nη = (108± 2) · 103 events in the peak.
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Fig. 3. The mηπ+π− spectrum (two entries per event) in the












Fig. 4. Schematic diagram of the sought process.
The results of the partial-wave analysis [12] show
that the f1π− is dominantly produced in a state with
JPCMη = 1++0+, here M and η denote the spin projec-
tion number and the exchange “naturality”, respectively.
The f1 and π− are therefore produced in P -wave. The f1
decays in its turn predominantly into a pion and a0(980)
(f0(980)) for reference (signal) reaction, again with orbital
momentum L = 1. Finally the a0 (f0) decays into a ηπ
(ππ) pair in S-wave. The signal process is shown schemat-
ically in ﬁg. 4.
The angular part of the amplitude for the dominant
1++0+ state in the f1π− system (see appendix A) is ex-
pressed in a compact way using speciﬁc angles:
|A| = 3√
2
| sin θ1 · sin θ2 · sin(φ0 − φ2)|. (3)
Here θ1 is the polar angle of the f1(1285) momentum in
the Gottfried-Jackson system; θ2 is the angle between this
momentum and the momentum of η (π0) in the f1 center-
of-mass system. φ2 and φ0 are azimuthal angles of the
momenta of η (π0) in the f1 c.m.s. and the beam particle
in the f1π− c.m.s., measured in the plane, perpendicular
to the momentum of f1 in the f1π− c.m.s.
The event-by-event weight W = |A|2 can be used
to enhance the f1 signal. It is demonstrated in ﬁg. 5d
which shows the ratio of (ηπ+π−) invariant-mass spec-
trum weighted with the W (corrected for angular accep-
tance) to the unweighted one.
The mπ+π−π0 distribution for the signal sample is
presented in ﬁg. 5a. A broad (> 100MeV/c2) peak at
≈ 1300MeV/c2 is observed, which cannot be attributed
unambiguously either to the a2(1320) or to the f1(1285)
alone. To separate the signal of f1, the angular weight
W was applied to this spectrum (ﬁg. 5b). The eﬀect is
demonstrated with the ratio of these two (ﬁg. 5c): a cer-
tain enhancement in the f1(1285) mass region becomes
visible on top of a smooth background.
The enhancement becomes more prominent if we add
a requirement on the two-pion subsystem mass: 0.97 <
mπ+π− < 1.0GeV/c2 (ﬁg. 5e). The ﬁt with the sum of
a Gaussian and a linear background in the mass inter-
val 1.18–1.40GeV/c2 yields for the peak parameters m =
1276 ± 4 and σ = 25 ± 3MeV/c2. The peak position and
width agree with expectations for the f1(1285) smeared
by the detector resolution. The statistical signiﬁcance of
the peak is 7.8 standard deviations, χ2/ndf = 53/40.
As a cross-check, the same angular weighting proce-
dure was applied to other mass spectra: mπ+π−π− for the
same event sample (ﬁg. 5f) and mπ+π−π0 for the event
sample at large t′ (not shown). As expected, no enhance-
ment around f1(1285) mass is seen in these cases.
We can conclude that the application of angular
weighting procedure, corresponding to known f1π− pro-
duction and decay properties, indeed extracts the peak at
the f1 mass in the mπ+π−π0 spectrum. The peak is asso-
ciated with narrow interval on mπ+π− in the region of the
f0(980) mass. This is giving us conﬁdence that the decay
f1 → π+π−π0 is indeed observed, and its pattern does not
contradict the model [5–7] predictions.
The probability of this decay was evaluated using a
conventional bin-ﬁltering procedure, which is described
below. The signal in the π+π− mass spectrum will be de-
noted below as “f0”, although its parameters can be deter-
mined by the f1 → 3π decay dynamics and do not neces-
sarily coincide with those of the f0(980)-meson (see [5–7]).
The mass spectrum m(π+π−) at the f1 peak (1.280 <
m(π+π−π0) < 1.290GeV/c2) was analyzed (ﬁg. 6). Apart
from the K0s and ρ-ω peaks, a narrow bump is seen around
m(π+π−) ∼ 985MeV/c2. To determine the background
under this bump, the spectrum was ﬁtted in the full mass
range except the region of interest, 0.93–1.03GeV/c2.
The ﬁtting function was a polynomial multiplied by the
phase space for a decay m3π → m2π + mπ, plus rela-
tivistic P -wave Breit-Wigner for the ρ(770) in the Ross-
Stodolsky parameterization [14,15] with skewness param-
eter α = 3.8, plus Gaussians for K0 and ω(782). The
masses of narrow objects turned out to be compatible with
the PDG values [16]; their widths which are determined
mainly by the detector resolution are in agreement with
the simulation results. The background function obtained
from the ﬁt was then subtracted from the experimental
spectrum.
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Fig. 5. The eﬀect of the weighting (see text) on three-meson mass spectra: a) mπ+π−π0 spectrum, low t
′; b) as in a) but
weighted; c) spectra ratio b) to a); d) “weighted/unweighted” spectra ratio for ηπ+π− at low t′; e) like in c) for events with
0.97 < mπ+π− < 1.00GeV/c
2; f) like in e) but for charged subsystem π+π−π−.
), GeV-π+πm(














Fig. 6. The mπ+π− spectrum (histogram) for 1.28 <
mπ+π−π0 < 1.29GeV/c
2, with the ﬁt result (solid line). The
background function (dotted line) and signal range (dashed)
are also shown.
The same ﬁtting procedure followed by background
subtraction was performed also for two adjacent 10MeV
bins on mπ+π−π0 , 1.27–1.28 and 1.29–1.30GeV/c2. The
sum of the three distributions after background subtrac-
tion, with a clear “f0” peak, is shown in ﬁg. 7. The Gaus-
sian parameters of the peak are determined as follows:
m = 0.982GeV/c2 and σ = 0.025GeV/c2. The peak is
somewhat broader than expected within the framework
2), GeV/c-π+πm(

















Fig. 7. The mπ+π− spectrum (histogram) after background
subtraction for 1.27 < mπ+π−π0 < 1.30GeV/c
2. The typical
mπ+π− spectrum for the a0(890)↔ f0(980) mixing model [5–
7] is shown, without (dotted line) and with (full line) detector
resolution smearing.
of the model [5–7], taking into account the detector reso-
lution (σ ∼ 16MeV/c2), and is compatible with f0(980)
PDG parameters.
The bin-ﬁltering procedure for the f1-meson signal ex-
traction was then performed for 30 10MeV bins on m3π in
the range of 1.15–1.45GeV/c2, with position and width of
the “f0” peak ﬁxed to the values determined above. The
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Fig. 8. The ﬁtted number of “f0” events as a function of
mπ+π−π0 ; the superimposed curve corresponds to the sum of
a Breit-Wigner function and a second-order polynomial.
numbers of events in the “f0” peak obtained from the ﬁt
in each m3π bin, along with their errors, are shown in ﬁg. 8
as a function of m3π.
The obtained dependence is ﬁtted with a sum of a
Breit-Wigner function and a 2nd-order polynomial. The
resulting peak parameters, m = 1287 ± 2MeV/c2 and
Γ = 30±6MeV/c2, are in agreement with the f1(1285) pa-
rameters. It should be noted that the experimental width
of the f1 peak is less than that of the “daughter” “f0” in
the π+π− subsystem; this proves that the “f0” width is
not dominated by the detector resolution, which disagrees
with the model with very narrow “f0”.
The total number of events in the peak is Nπ0 =
2300± 400. Taking into account the ratio of the detection
eﬃciencies for the f1 decays into π+π−π0 and π+π−η,
R = ε(3π+−π0γγ)/ε(3π
+−ηγγ) = 0.95 ± 0.05, we obtain
the ratio of branchings:
BR(f1 → “f0”π0 → π+π−π0)
BR(f1 → ηπ+π−) ·BR(η → γγ) =
Nπ0
NηR
= (2.2± 0.4(stat)± 0.5(syst))%. (4)
The statistical error is dominated by the Nπ0 ﬁt er-
ror. The systematic uncertainty was estimated by vary-
ing: the “f0” peak width (down to the resolution limit
of 16MeV/c2, see, however, below), the f1(1285) shape
(Gaussian or Breit-Wigner for both channels), the order
of polynomials for the background description, and the
ρ-meson parameterization.
Yet another indication to broad “f0” peak disagree-
ing with the model [5–7] predictions was found. Namely,
the angular weighting of events was done in another way.
It was applied to events with a mass of neutral combi-
nation of three pions lying within 1.260 < mπ+π−π0 <
1.310GeV/c2, and the eﬀect on the π+π− mass spectra
was studied. The ratio of weighted to unweighted mπ+π−
distributions is shown in ﬁg. 9. It is almost ﬂat, with the
“f0” peak at ∼ 980MeV/c2 as expected. The peak is how-
Fig. 9. The ratio of weighted to unweighted mπ+π− spectra






















Fig. 10. The number of ρ+− events from ﬁts in mπ+π−π0 inter-
vals (points with errors) with the ﬁtting function superimposed
(see text).
ever even broader than in ﬁg. 7, and extends down to
≈ 0.94GeV/c2.
For this reason, a wider range of mass and width for
the “f0” Gaussian in the bin-ﬁltering procedure was ex-
plored for the evaluation of the systematic error. When
the Gaussian extends to the low-mass tail of the mπ+π−
bump, the ﬁtted number of events increases. In the ex-
treme case of σ(“broad f0”) = 40MeV/c2, the resultant
peak in m3π has Nπ0 ≈ 4 · 103 events and is compatible
with the f1(1285). This gives BR(f1 → “broad f0”π0 →
π+π−π0)/(BR(f1 → ηπ+π−) ·BR(η → γγ)) ≈ 4.0%.
2.1 Search for f1(1285) → ρ+−π−+
A search for a possible f1 ↔ a1 mixing was also per-
formed, assuming ρ+(−)π−(+) ﬁnal states. The number of
ρ+(−) decay events was determined with bin-by-bin ﬁt of
mπ+(−)π0 spectra in m3π intervals. The total ρ+− intensity
as a function of mπ+π−π0 is shown in ﬁg. 10. No enhance-
ment at the f1(1285) mass is observed.
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This spectrum was ﬁtted with a sum of two Breit-
Wigner functions with ﬁxed masses and widths for f1 and
a2(1320) plus a 2nd-order polynomial for the background.
The ﬁt gives (with χ2/ndf = 31./21) Nρ+− = −2700 ±
2400 events of the f1 → ρ+−π−+ decay, which corresponds
to BR(f1 → ρ+−π−+) = (−0.34 ± 0.31)%. From this we
can derive the upper limit for the branching fraction
BR(f1(1285)→ ρ+−π−+) < 0.31% (5)
at the 95% CL.
The intensity of the f1 → a1 transition is determined
by the polarization operator Πf1a1 [17]:










From (5) we obtain:
|Πf1a1 | < 0.0087GeV2 for Γa1 = 600MeV.
It is compatible with the universal scale of ISB [4]:
Πρω ≈ Πηπ ≈ −0.005GeV2.
3 Model calculation for a0 → π+π−
transition and discussion
We compute the model branching for a mixing transition
R → X → c d following [18]. There is a large variety of
theoretical and experimental values for the relevant pa-
rameters of scalar mesons in the literature: sets A to H
from [19] are taken as an example in what follows.
The highest value for the a0 → ππ branching among
the quoted sets of parameters is obtained with the set C
for the KK¯ molecular model of two scalars:
BR(a0 → π+π−) = 0.79%.
For the self-consistency of the comparison, the refer-
ence branching fraction BR(a0 → ηπ) should also be cal-
culated with the same input parameters. For C this yields
BR(a0 → π+π−)/BR(a0 → ηπ0) = 1.58%. Incidentally,
the computed BR(a0 → K+K−)/BR(a0 → ηπ0) = 20%
is by a factor of 2 larger than the world average [16].
As a stability check, the full decay chains f1 → a0π →
ηππ(KK¯π) and f1 → a0π → f0π → πππ were calcu-
lated within the model accounting for a Breit-Wigner line
shape of the f1. The momentum-dependent form factors
∝ (p/p0)2 and ∝ (1−exp(−(p/p0)2)) in the P -wave decay
A→ SP were tried. The resulting branching fractions fol-
low those of the a0, precisely for the mixing transition and
with some ten percent variations for the reference channel.
The measured branching fraction from (4)
BR(f1 → “f0”π → π+π−π0) =
(0.30± 0.055(stat)± 0.068(syst)± 0.029(BR))% , (6)
where the last error comes from the uncertainty in the
reference partial width x7 = Γ7/Γ ([16], p. 670): BR(f1 →
ηπ+π−) = 23x7 =
2
3 (0.52± 0.05).
Assigning the origin of the decay f1 → “f0”π → 3π
entirely to the a0 → f0 transition regardless of its speciﬁc
mechanism, it is translated to
BR(a00(980)→ π+π−) = (2.0± 0.6± 0.4(BR))%.
For the calculation the BR(f1 → a00π0) = 1/3 x8 +
1/3 x10 = 0.15±0.023 ([16]) is used. The uncertainty from
branchings accounts for table errors δi of xi (i = 7, 8, 9)




1 + (δ8/δ9)2 + 2ρ8,9δ8/δ9
= 0.16.
The contribution from relatively small δ10 was evaluated
and neglected. Statistical and systematic errors are added
in quadrature. Within the model [5–7], obtained large
value of branching is feasible only marginally.
In addition, the large width of the two-pion structure,
with its lower mass (mπ+π−  0.97GeV/c2) enhance-
ment of comparable size, is beyond the model and possi-
bly points to another mechanism in the decay f1(1285)→
π+π−π0.
4 Conclusions
The isospin symmetry-breaking decay f1(1285) →
π+π−π0 is observed. The ratio of branchings is deter-
mined:
BR(f1 → “f0(980)”π0 → π+π−π0)
BR(f1 → ηπ+π−) =
(0.86± 0.16(stat.)± 0.20(syst.))% , (7)
where “f0(980)” stands for a probably S-wave structure
centered at mπ+π− ≈ 0.98GeV/c2. This gives
BR(f1 → “f0(980)”π0 → π+π−π0) =
0.30± 0.055(stat)± 0.068(syst)± 0.029(BR)%,
and, assuming a0(980)→ f0(980) as an underlying mech-
anism, BR(a00(980)→ π+π−) = (2.0± 0.6± 0.4(BR))%.
Along with (7), we present the branching ratio which
accounts for the component left to the “f0(980)” signal,
0.94  mππ  0.97GeV/c2, as asymmetric uncertainty:
BR(f1 → π+π−π0)
BR(f1 → ηπ+π−) = 0.86± 0.16
+0.70
−0.20 %.
To summarize, the experimental pattern of the decay,
caused presumably by the a0(980) ↔ f0(980) mixing, is
badly compatible with the model [18] alone, both on its
widths and strength. It suggests another decay mechanism
in addition to the a0(980)↔ f0(980) one.
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An upper limit for f1(1285) → ρ+−π−+ decay is ob-
tained,
BR(f1(1285)→ ρ+−π−+) < 0.31%,
at 95% CL. This limit is compatible with the ISB universal
scale [4].
This work supersedes the preliminary results presented
at the HADRON-2007 conference [20].
Appendix A.
In non-relativistic Zemach formalism [21] the decay am-
plitude for the f1(1285)π system in the JPCMη = 1++0+
state is expressed through the z-component of the cross
product constructed from the momenta of f1 in the
Gottfried-Jackson frame and its decay product in the
canonical rest frame of f1.









Under the assumption of m(ηπ+) ∼ m(ηπ−) this is
proportional to [pf1 × pη]z.
For the decay chain under study, f1 → f0π0, f0 →
π+π−,
A1++0+ = BWf1(mπ+π−π0)BWf0(mπ+π−)[pf1 × pπ0 ]z.
The aforementioned projection to the canonical z-axis,
which is the direction of the beam particle momentum,
is convenient to calculate using a rotated coordinate sys-
tem. It is obtained from the canonical one rotating it by
the Treiman-Young angle around the z-axis with succes-
sive rotation by the Jackson angle around the new y-axis.
Formula (3) results from explicit substitution of the com-
ponents of three vectors (deﬁned by the momenta of the
f1, η (π0) and beam) and deﬁning appropriate angles.
2 BWX stands for a mass-dependent line shape of a reso-
nance X, usually taken as Breit-Wigner function.
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